Background This study investigated whether deliberate practice leads to an increase in surgical quality in virtual reality (VR) laparoscopic cholecystectomies (LC). Previous research has suggested that sustained DP is effective in surgical training. Methods Fourteen residents were randomized into deliberate practice (n = 7) or control training (n = 7). Both groups performed ten sessions of two VR LCs. Each session, the DP group was assigned 30 min of DP activities in between LCs while the control group viewed educational videos or read journal articles. Performance was assessed on speed and dexterity; quality was rated with global (GRS) and procedure-specific (PSRS) rating scales. All participants then performed five porcine LCs. Results Both groups improved over 20 VR LCs in time, dexterity, and global rating scales (all p \ 0.05). After 20 LCs, there were no differences in speed or dexterity between groups. The DP group achieved higher quality of VR surgical performance than control for GRS (26 vs. 20, p = 0.001) and PSRS (18 vs. 15, p = 0.001). For VR cases, DP subjects plateaued at GRS = 25 after ten cases and control group at GRS = 20 after five cases. At completion of VR training, 100 % of the DP group reached target quality of performance (GRS C 21) compared with 30 % in the control group. There were no significant differences for improvements in time or dexterity over five porcine LCs. Conclusion This study suggests that DP leads to higher quality performance in VR LC than standard training alone. Standard training may leave individuals in a state of ''arrested development'' compared with DP.
development of strategies to improve surgical proficiency and effectiveness of training.
The dominant paradigm in surgical training has largely been based on an apprenticeship model in which learning occurs within the operating room with subjective assessment methods [5] . Virtual reality (VR) simulation has repeatedly been demonstrated in the literature to enhance surgical performance and reduce error [6] [7] [8] , and training curricula on VR simulators have been developed allowing surgeons to train to a proficient level [9, 10] . Additional studies have demonstrated that other pedagogical techniques such as mental practice and stepwise training can enhance surgical performance [11, 12] . Despite the development of these promising strategies, implementation has been sparse thus far [13] .
Currently, technical proficiency is based on completing a predefined number of cases as outlined by the ACGME [14] ; yet, these targets are not necessarily based on evidence that suggests sufficient caseload to guarantee superior performance. The non-medical literature has attempted to quantify the number of procedures one has to perform in order to be elevated to ''expert'' status [15] . However, Ericsson has suggested that those who consistently exhibit superior performance, rather than those with the most experience, should be identified as experts and that the acquisition and maintenance of expert performance requires sustained Deliberate Practice (DP) [15] .
DP is based on the theory that expert performance results from deliberately engaging in and choosing activities that improve and maintain high performance. It involves repeated practice on tasks and immediate feedback on performance that allows individuals to focus their training on weaknesses while also refining other aspects of performance. In other domains, such as music, chess, and sport, the achievement of expert performance is related to the extent of DP performed [16] . DP has been shown to improve the quality of surgical technical skills compared with standard training [17] ; however, this initial study was designed only to assess whether or not DP improves performance. While the results are able to demonstrate a learning curve for quantitative metrics of time and dexterity, methodological limitations prevented an assessment of surgical quality at every operative case performed. The lack of data prevented an accurate determination of rate of learning for quality of performance. The current study investigated whether deliberate practice can result in improved performance in VR laparoscopic cholecystectomy (LC) as measured by consistency of performance, whether such skills transfer to tissue in the form of porcine LC, and how DP affects the rate of improvement and attained skill level in surgical quality.
Methods

Participant selection
Twenty (n = 20) junior residents from various London training programs were recruited to participate. All trainees had limited laparoscopic surgical experience (performed 0 but observed [1 LCs in the operating room). At recruitment, participants were randomized into one of two groups-Deliberate Practice group or Control groupusing a random number generator (STATA, College Station, TX).
Baseline assessment of laparoscopic skills
Each participant underwent a validated baseline skills assessment on the LapMentor VR (Simbionix; Cleveland, OH) laparoscopic simulator on Basic Skills tasks 5 (Clip and Cut) and 6 (Two-Handed Maneuvers) [10] .
Virtual reality laparoscopic simulator
The LapMentor VR laparoscopic simulator (Simbionix Corporation; Cleveland, OH) and the LapSim VR laparoscopic simulator (SurgicalScience, Inc.; Göteborg, Sweden) were used for this study. Four procedural tasks (clip and cut-retracted gallbladder, clip and cut-2 hands, Calot's triangle dissection, and gallbladder fossa dissection) and a full procedure LC were utilized on the LapMentor. Four basic tasks (Clip and Cut, Lift and Grasp, Grasping, Coordination) were utilized on the LapSim. Construct validity has previously been demonstrated for each of the tasks on these simulators [10, 18] .
Didactic and proficiency training
Participants underwent a validated laparoscopic skills training program as previously described [10] .
Deliberate practice group training sessions Participants in the DP group underwent ten VR training sessions comprising a total of 20 VR LCs. At the beginning of each session, participants completed a VR LC on the LapMentor simulator, and their performance was assessed in real time by a qualified observer using two previously validated rating scales of surgical technical skill [OSATS global rating scale (GRS) and a procedure-specific rating scale for LC (PSRS)] [7, 19] . Participants were given immediate post-procedure feedback on their performance based on rating scales. The feedback was guided based on the OSATS GRS and PSRS. For example, if a participant scored poorly on ''instrument handling,'' feedback was provided on how to improve handling of instruments. If a participant scored poorly on ''Cystic duct clipping and transaction'' on the PSRS, feedback was given on how to improve placement of clips.
Each subject then performed 30 min of deliberate practice using the LapSim VR or LapMentor VR laparoscopic simulators, focusing on the weakest skills as assessed by either the GRS or PSRS. Deliberate practice here is defined as effortful practice that is guided by a coach (the qualified observer) and focused on addressing specific weaknesses in performance. Assignment of DP tasks based on weakest rating scale performance is described in depth in Crochet et al. [17] . Briefly, participants were assigned a practice task on the LapSim based on the lowest OSATS GRS dimension until a minimum of 3 out of 5 was reached for each dimension. If all dimensions on the OSATS GRS were 3 out of 5, a practice task on the LapMentor was assigned based on the lowest PSRS dimension (Table 1) . If one or more dimensions were equally the lowest, the participant was given a choice of practice activity.
After DP, each participant performed a second VR LC on the LapMentor simulator and received post-procedure feedback based on the rating scales as described above.
Control group training sessions
The control group also underwent ten training sessions comprising a total of 20 VR LCs. At the start of each session, participants performed a VR LC and were then assigned 30 min of control activity (viewing a TED talk or reading a journal article) unrelated to laparoscopy or cholecystectomy. After control activity, participants were asked to perform another VR LC. This group did not receive any commentary or advice during or after their performance on the simulator, and no practice tasks were assigned. However, their performance was assessed in real time using the same rating scales, and participants were able to review quantitative performance on time, number of movements, and path length on the VR simulator screen.
Cadaveric porcine model for laparoscopic cholecystectomy
Following VR training sessions, all subjects performed five LCs on a cadaveric porcine model using real surgical instruments, including the use of diathermy as previously described [20] . Performance was assessed with in-house motion tracking software, with all participants in both groups being rated on the OSATS GRS and PSRS, and receiving feedback after each LC. No practice was allowed between porcine LCs.
Post-training assessment
After completing all porcine LCs, each participant was evaluated on an exit assessment on the LapMentor VR simulator using Basic Skills tasks 5 and 6, repeated twice each ( Fig. 1 ).
Quality of performance assessment
An OSATS GRS score of 21 was arbitrarily defined by surgical educators at Imperial College London as a target interim level of performance to be achieved, based upon a score of 3 in each measured domain. The OSATS GRS is a 7-domain rating scale with each domain being rated on a 5-point Likert scale; thus, a score of 3 on each domain was selected as a target for interim performance as these are anchored by descriptors suggesting acceptable performance [7] . Subjects were aware of this target at the start of the study.
Statistical analysis
Statistical analysis was performed using STATA Intercooled 12 (College Station, TX). The Shapiro-Wilk test showed the nature of the data to be nonparametric. The Mann-Whitney U test was employed to compare intergroup baseline to post-test laparoscopic basic task performance, VR training session performance, and porcine model performance. The Wilcoxon signed-rank test was utilized for intragroup comparison. VR training session and porcine model data were analyzed using nonlinear regression to assess learning curves and plateaus [21] . The proportion of participants obtaining interim performance level in each group was compared using the v 2 test. Results were reported as median (interquartile range). Levene's test was utilized to compare the consistency in performance of the deliberate practice group versus the control group in both VR training sessions and porcine model sessions. A p \ 0.05 was considered statistically significant. In addition to live ratings, videos of VR and porcine LC were assessed by an independent, blinded rater using the GRS and PSRS. Intraclass correlation coefficient (ICC) was calculated to assess the blinded interrater reliability of both the GRS and PSRS. ICC of live and video raters was found to be 0.84 for the OSATS GRS and 0.9 for the PSRS.
Sample size was based on detecting at least a 25 % difference in quality of VR surgical performance as assessed by the OSATS global rating scale with alpha of 0.05 and beta of 0.8
Results
Subjects
Fourteen of the twenty (70 %) recruited junior doctors completed the study with those who dropped out citing scheduling conflicts for their inability to complete the study. Five of twenty dropped out after baseline testing, and one participant in the DP group dropped out at the completion of VR LC training. The data from the participant who dropped out after VR training were included in the VR data analysis. Training level of the participants ranged from post-graduate year 1 (PGY1) to post-graduate year 3 (PGY3). There were seven participants in the control group and seven in the DP group who completed the study. All study participants were right handed.
Baseline assessment of laparoscopic skill At baseline, for Basic Skills task 5, there was no difference in time to completion between groups. For Basic Skills task 6, participants in the DP group were faster and more dexterous than those in the control group (Table 2) . After proficiency training, there were no differences between groups during task 5 in time (p = 0.06), or during task 6 in time (p = 0.22), movements (p = 0.90), or path length (p = 0.10). Thus, both groups were of similar proficiency before beginning VR LC training sessions.
Completion of virtual reality training session performance
At the end of VR training, there were no significant differences in speed or dexterity (Table 3) ; however, the DP group had significantly higher ratings than the control group for quality of surgical performance in global (26 vs. 20 ; p = 0.001) and procedure-specific rating scales (18 vs. 15; p = 0.001) (Fig. 2) . Both groups improved over 20 VR LCs in time, dexterity, and global rating scales. The DP group improved in scores on the PSRS over the course of 
VR training while the control group did not. There were no significant differences in variance between groups in time, dexterity, or quality of performance.
Virtual reality laparoscopic cholecystectomy learning curves There were no significant differences in the learning curves of time, movements, or path length between the two groups. There was a significant difference in the OSATS GRS learning curves of the two groups (F 3,296 : 132.17, p \ 0.001) (Fig. 2) . At the fifth case when the control group plateaued, the DP group had a significantly higher median OSATS GRS of 21.5 (19.5-24) compared with Analysis of the rate of quality improvement in VR LC performance demonstrated that 100 % of the DP group achieved the interim level of performance by the 15th VR LC. The proportion of participants in the DP group achieving interim level of performance by the 20th and final VR LC (100 %) was significantly greater than that of the control group (30 %; p = 0.007) (Fig. 3) .
Values as median (interquartile range). Significant values in bold
Porcine Model Performance
Analysis of motion tracking data of subjects performing laparoscopic cholecystectomy in the porcine model demonstrated that those in the control group did not improve from the first to fifth and final LC in time, movements, path length, or OSATS GRS. While the DP group also did not show improvement in time, path length, or OSATS GRS from first to fifth and final LC, the DP group did produce significantly fewer movements at the fifth LC. The DP and control group demonstrated no significant differences at the fifth and final LC in time, movements, path length, or PSRS. The DP group had significantly higher quality of performance than the control group as assessed by OSATS GRS (24 vs. 19 ; p = 0.007). Both groups improved in PSRS scores from first to final porcine LC (Table 4) .
Porcine laparoscopic cholecystectomy learning curves
Analysis of learning curves for porcine cases for the control group showed no plateau in time, number of movements, total path length, or OSATS GRS over the course of five LCs but did demonstrate plateau at a PSRS score of 20 after four cases (F 1,33 = 11.49, df = 34, p \ 0.001). The DP group similarly demonstrated no plateau in time, movements, or path length. For OSATS GRS, the DP group demonstrated a non-significant trend toward plateau at a score of 22 (p = 0.06) (Fig. 4) . The DP group plateaued at a PSRS score of 22 after five cases (F 1,33 = 10.24, df = 34, p = 0.003).
Neither of the groups fully achieved the interim performance level on porcine LC, but there was a trend for increasing performance in both groups over the course of five porcine LCs. There was no significant difference between groups in the proportion of participants achieving interim level of performance.
Post-training Assessment
In the post-training assessment of basic skills, both groups were significantly faster at Basic Task 5 when compared with baseline. Both groups were also significantly faster and more dexterous at Basic Task 6 when compared with baseline (Table 1 ). There were no significant differences between groups in time or dexterity in either basic skills task at post-training assessment. 
Values as median (interquartile range). Significant values in bold
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Discussion
Deliberate practice has been investigated as a key component of the development of expertise, particularly in fields demanding consistent superior performance. Initial acquisition of skills by novices requires concentration and repetition to automate motions to a level acceptable for everyday performance. This initial phase has been hypothesized to require around 50 h, after which performance will plateau without further effort to improve performance. Those who continue DP will improve performance toward the level of expert; however, a lapse in practice will lead to a premature plateau of performance known as ''arrested development'' that, though above the level of everyday skill, falls short of expert performance [16, 22, 23] . This phenomenon has been demonstrated repeatedly in the sports science and music literature, and may play a similar role in the acquisition and maintenance of surgical skills [16] . While junior surgeons engaging in DP were found to be equivalent to the control group for speed and dexterity, results of this study demonstrated that engaging in DP led to higher quality of surgical performance as assessed by OSATS GRS and PSRS in LC in both VR and live tissue. Furthermore, junior surgeons engaging in DP plateaued in skill after a greater number of cases at a higher quality of surgical performance, suggesting that DP leads to continued performance improvement when compared with standard, non-directed training.
Deliberate practice in this study followed Ericsson's definition as that which involves concentration and attention directed at effortful practice that is guided by specific feedback on improving performance [17, 22, 24, 25] . As the DP group was receiving directed feedback with performance-specific practice activities, this group would expectedly have higher quality of performance than the control group, which did not receive directed guidance on improving surgical quality. In comparing the DP group's learning curve for quality of performance to that of the control group, the control group may have been left in ''arrested development'' where further time spent practicing would not have improved performance, given the plateau in the learning curve (Fig. 2) [16] . Further evidence for arrested development can be seen in the VR LC performance rates of each group. By the 15th LC, 100 % of DP participants achieved the interim level of performance while only 30 % of the control group achieved it, suggesting arrested development in the remaining 70 % of the control group.
There is a similar trend seen in porcine LCs with 86 % of the DP group achieving the interim level of performance by the fifth and final porcine LC versus 43 % in the control group. The lack of a statistically significant difference may be due to the relatively small number of porcine procedures in comparison with VR procedures. Given the trend for improving performance, additional sessions on the porcine model may have demonstrated a significant difference in quality of performance between the two groups, but the cost of obtaining porcine models and time constraints prevented additional porcine sessions. However, this trend of improved rate of achieving interim level of performance in the DP group suggests that DP is transferrable from VR to a real tissue model, and its effects on training appear to be sustained as trainees graduate from VR simulation to operating on real tissue. This study is limited by the high dropout rate of study participants with 30 % of the original 20 participants dropping out of the study. Participants cited time demands (the number of site visits required to complete the study ranged from 17-22 depending on the number of sessions required to complete the pre-study proficiency curriculum) as the primary reason for dropout. Despite the dropout rate, the study was adequately powered to detect at least a 25 % difference in quality of performance between the two groups in VR training as reflected in the power calculation, which was based off preliminary data collected in a VR setting.
A porcine model was included in the study to assess for transfer of skill from a VR to a tissue model of LC despite inherent differences when compared with VR. Porcine models are of greater anatomic complexity and track all motions including instrument changes whereas VR models focus on motions involved in operative steps alone, and these differences were reflected in our results where porcine LC required longer times and greater number of movements and path lengths. The lack of improvement in time/dexterity over the course of the five porcine LCs may be due to plateau in skill demonstrated in the VR model. Overall quality of the procedure remained consistent despite differences in time/dexterity compared with a VR model, suggesting that DP participants maintain principles of a quality operation despite the greater complexity of a live tissue model.
Studies of DP within medicine have been undertaken but focus on the cognitive elements of medicine, such as making a clinical diagnosis or reading radiologic films [26] . There is a paucity of studies regarding the application of DP in the acquisition of technical skills for surgeons [15, 26] , but some work has demonstrated that junior surgical trainees and medical students undergoing DP were better than the control group, particularly in quality of performance as assessed by the OSATS GRS [17, 27] . This is the first study to quantify the learning curve of surgical quality in DP versus standard training. It demonstrates not only a transfer of skill in LC from VR to tissue but also continued learning past the arrested development plateau of standard training.
While deliberate practice can be a tool to improve the training of surgeons, it is not without its limitations; and its implementation into surgical training curricula may be challenging. DP necessitates a trainee's regular engagement in practice activities with feedback from an instructor. The surgical resident's multiple responsibilities as clinical care provider and trainee, coupled with duty hour regulations, minimizes the amount of time that can be dedicated to participation in DP-based simulation training. DP would require a significant time commitment from faculty who would need to provide consistent feedback designed to address deficiencies in performance. Preliminary incorporation of DP into training would allow for data collection on its impact on clinical outcomes, after which programs would be able to decide if DP would be cost effective for their institution.
Conclusion
Results of this study suggest that DP leads to superior quality of performance in junior surgeons. While dropout from several participants limited our study, power calculations demonstrated an adequate sample. Though not every practicing surgeon may attain ''expert'' status, DP has the potential to serve as a powerful tool in surgical education to improve the performance of surgeons with the goal of improving patient outcomes through the reduction of morbidity and mortality related to technical limitations of the surgeon. Future research should investigate integration of DP into surgical training curricula and its impact on patient outcomes.
